Positive selection occurs in the thymic cortex, but critical maturation events occur later in the medulla. Here we defined the precise stage at which T cells acquired competence to proliferate and emigrate. Transcriptome analysis of late gene changes suggested roles for the transcription factor NF-B and interferon signaling. Mice lacking the inhibitor of NF-B (IB) kinase (IKK) kinase TAK1 underwent normal positive selection but exhibited a specific block in functional maturation. NF-B signaling provided protection from death mediated by the cytokine TNF and was required for proliferation and emigration. The interferon signature was independent of NF-B; however, thymocytes deficient in the interferon- (IFN-) receptor IFN-R showed reduced expression of the transcription factor STAT1 and phenotypic abnormality but were able to proliferate. Thus, both NF-B and tonic interferon signals are involved in the final maturation of thymocytes into naive T cells.
T cell development occurs in the thymus, which provides a unique microenvironment and presents ligands consisting of self peptide and major histocompatibility complex (MHC) molecules to T cell antigen receptors (TCRs). In the cortex of the thymus, low-affinity TCR interactions initiate positive selection signals in CD4 + CD8 + doublepositive (DP) immature thymocytes, which supports their survival and differentiation into CD4 + or CD8 + single-positive (SP) thymocytes. Positively selected cells move to the medullary region and, after several days, emigrate to the periphery. The term 'positive selection' is sometimes used to describe the entire process. However, in thinking about molecular mechanisms, it is helpful to break this down into kinetically distinct processes, such as survival, allelic exclusion, lineage commitment and functional maturation.
Cortical DP thymocytes require interaction of the surface TCR with selecting peptide-MHC complexes to induce survival. Expression of the activation marker CD69, the TCR and the anti-apoptotic protein Bcl-2 is rapidly upregulated in cells of this population, which also undergo changes in the expression of many other genes 1, 2 . Genetic deficiency in TCRs, MHC molecules, the co-receptors CD4 or CD8 or molecules in the TCR signaling pathway blocks this process 2 . Recombination-activating genes are rapidly repressed at this stage, which facilitates allelic exclusion. Expression of the chemokine receptor CCR7 is upregulated somewhat later and facilitates the migration of progenitor cells from the cortex to the medulla 3 . Lineage commitment occurs concurrently and involves downregulation of the gene encoding the inappropriate co-receptor and the initiation of genetic remodeling that will ultimately determine if the cell has helper or killer potential. Genetic deficiency in key transcription factors can block commitment to the CD4 + or CD8 + lineage 4, 5 . Although lineage commitment is mechanistically independent of migration to the medulla, these processes are roughly concurrent. Thus, SP thymocytes reside predominantly in the medulla; however, not all SP thymocytes are equivalent.
CD24 hi Qa2 lo SP thymocytes have been defined as 'semi-mature' and have been shown to be susceptible to apoptosis when triggered through the TCR 6 . In contrast, mature SP thymocyte and thymic emigrants proliferate when triggered through the TCR 6, 7 . Over the years, studies have shown that the expression of a small number of other cell-surface proteins, including CD69 and various cytokine and chemokine receptors, changes during maturation 8, 9 . However, the molecular mechanisms that control the maturation of SP thymocytes have remained unclear.
Here we defined steps in the maturation of SP thymocytes through which SP thymocytes became equipped with mature functions, such as proliferation competency, emigration competency and cytokine 'licensing' . For this, we used comprehensive microarray analysis, quantitative real-time PCR (qPCR) and flow cytometry, along with combinations of several gene-deficient and transgenic mouse models. We found that SP thymocytes received signals via both the cytokine TNF and type I interferons in the thymus and that only TNF-resistant mature thymocytes survived and became emigration competent and licensed to produce cytokines.
RESULTS

Three SP stages defined by function
In this study, we sought to determine the ideal markers for flow cytometry to define SP thymocyte stages by function. The ordered development of SP thymocytes has been characterized by the expression of cell-surface makers (CD24, CD69, CD62L and Qa2) 6, 10 ; the carbohydrate epitope 6C10 on the glycoprotein Thy-1, recognized by the monoclonal antibody SM6C10 (ref. 9); or chemokine receptors CCR7 and CCR9 (ref. 11 ). However, these markers have not been well 5 6 6 VOLUME 17 NUMBER 5 MAY 2016 nature immunology A r t i c l e s correlated with functional maturation. For our comprehensive flow cytometry, we used mice with expression of green fluorescent protein (GFP) directed by the promoter of recombination-activating gene 2 (Rag2) via a bacterial artificial chromosome transgene (Rag2 GFP ), in which GFP expression (as Rag2-GFP) acts as a 'molecular timer' for differentiation events after positive selection 10, 12 and allows the exclusion of re-circulating mature T cells. To focus our analysis on conventional αβ T cells, we used a 'dump strategy' to exclude γδ T Fig. 1a ). We found that the combination of staining for CD69 and MHC class I (MHCI) precisely defined SP thymocyte stages by function and could be used on cells of both the CD4 + lineage and CD8 + lineage; positively selected medullary thymocytes (TCRβ + CCR7 + ) clearly had three populations, on the basis of the expression of CD69 and MHC class I, including CD69 + MHCI − cells, CD69 + MHCI + cells and CD69 − MHCI + cells 13 (Fig. 1a) . GFP expression gradually decreased in this order ( Fig. 1a , top right), which indicated that CD69 + MHCI − thymocytes preceded CD69 + MHCI + cells and that CD69 − MHCI + cells were the most mature population. After the initiation of positive selection, CD4 + SP (CD4SP) cells quickly repress CD8 expression, whereas CD8 + SP (CD8SP) cells extinguish CD4 expression more slowly 14 . Thus, MHC class I-restricted medullary thymocytes were in the DP gate at the CD69 + MHCI − stage and did not complete downregulation of CD4 expression until the CD69 − MHCI + stage (Fig. 1a) . This gating strategy was confirmed in MHC class II-deficient mice, in which only CD8 + T cells could be positively selected in the thymus (Supplementary Fig. 1b) .
cells, invariant natural killer T cells (iNKT cells) and regulatory T cells (T reg cells) (Supplementary
To assess proliferation competence, we sorted the three populations, labeled them with the proliferation-detection fluorescent dye CellTrace Violet and stimulated them in vitro with antibody to the invariant signaling protein CD3 (anti-CD3) plus antibody to the coreceptor CD28 (anti-CD28). CD69 + MHCI − cells did not proliferate, while CD69 + MHCI + and CD69 − MHCI + thymocytes did ( Fig. 1b) , which suggested that upregulation of the expression of MHC class I most precisely defined the boundary between proliferationincompetent cells and proliferation-competent cells. Thus, we designated CD69 + MHCI − population as semi-mature (SM) and designated CD69 + MHCI + and CD69 − MHC1 + populations as mature 1 (M1) and mature 2 (M2), respectively. To assess emigration and trafficking competence, we assessed expression of the sphingosine 1-phosphate (S1P) receptor S1PR1 (ref. 15 ), L-selectin (CD62L) 16 and the transcription factor KLF2, which is required for the expression of S1PR1 and CD62L in thymocytes [15] [16] [17] . There was high expression of S1PR1 and CD62L on M2 cells but not on SM cells or M1 cells ( Fig. 1c) . Likewise, there was high expression of KLF2 only on M2 cells ( Supplementary Fig. 1c ). Thus, among proliferation-competent M1 and M2 thymocytes, only the most mature M2 cells were competent to emigrate. Finally, we assessed at which stage SP thymocytes became licensed to produce the cytokine TNF 18 . Only the M2 subset had a substantial population of TNF-producing cells following stimulation via anti-CD3 and anti-CD28 (Fig. 1d) , and this fraction continued to increase among recent thymic emigrants (data not shown), consistent with published reports 18 .
Published staining combinations 6, 9 used to define two populations (CD24 hi Qa2 lo and CD24 lo Qa2 hi ) or four populations (SP1-SP4) with the combination of CD69, Qa2 and monoclonal antibody SM6C10 directed against Thy-1 did not precisely distinguish between proliferation-incompetent (SM) cells and proliferation-competent (M1) cells, although this nicely distinguished emigration-competent cells from other cells ( Supplementary Fig. 1d ). The combination of staining for CCR7 and CCR9 together with CD69 on CD4SP thymocytes 11 somewhat distinguished proliferation-incompetent (CCR9 hi ) CD4SP cells from proliferation-competent (CCR9 int-lo ) CD4SP cells ( Supplementary Fig. 1d , left), but this staining panel did not separate CD8SP thymocytes very well ( Supplementary Fig. 1d , right), as mature CD8SP cells had abundant expression of CCR9. Thus, expression of CD69 and MHC class I was the most effective measure of the late stages of T cell maturation. npg A r t i c l e s Transcriptome analysis indicates a role for NF-B and IFNs DP thymocytes have a gene-expression profile substantially different from that of T cells 19 , consistent with the susceptibility of the former to apoptosis and the proliferation competence of the latter. However, our data and published results would suggest that the apoptosisto-proliferation change occurs at the semi-mature-to-mature stage in the medulla, which we estimate to be at least 24 h after the initiation of positive selection signaling 6, 20 . Thus, we hypothesized that the unique gene changes that occur late in the process might be most relevant to the understanding of this competence transition. To characterize these gene changes, we 'mined' microarray data from thymocytes isolated using the previously defined markers Qa2 and CD69 to designate four stages. CD69 − TCRβ − pre-selection DP ('pre-DP') cells and CD69 + TCRβ + post-selection DP ('post-DP') cells ( Fig. 2) were sorted from the thymus of β 2 -microglobulin-deficient (B2m −/− ) mice (data not shown), in which only MHC II-restricted CD4 + T cells undergo positive selection. Qa2 − CD69 + (SM-M1) CD4SP cells and Qa2 + CD69 − (M2) CD4SP cells ( Fig. 2) were sorted from thymocytes of Rag2 GFP mice with a 'dump' channel that included the activating NK cell receptor NK1.1, the T cell-activation marker and cytokine receptor CD25 and the antibody GL3, directed against TCRδ (data not shown). The 'dump' and Rag2-GFP gates allowed the exclusion of iNKT cells, T reg and γδ T cells, as well as recirculating mature T cells, which can include up to 15% of CD4SP cells ( Supplementary  Fig. 2a ). Through analyzing the microarray data, we identified genes with significant changes in expression and categorized them by their expression-kinetic patterns (Fig. 2) . By far the largest number of geneexpression changes (2,060 genes up-or downregulated) were initiated during the cortical positive selection step from pre-DP to post-DP ( Supplementary Fig. 2b ). Some of these changes occurred only early (group A), some continued to change at later stages (group B) and a few were transient (group C) ( Supplementary Fig. 2b) . Notably, a substantial number of gene-expression changes occurred between the post-DP stage and SM stage (1,005 genes; groups D and E), whereas only a small number of genes altered their expression at the very end of medullary maturation (269 genes; group F), including a large number of genes whose expression changes were initiated earlier but then were reversed ( Supplementary Fig. 2b ). Using these expressionpattern groups, we defined sets of genes whose expression changed early or late during selection ( Fig. 2) .
To understand which upstream pathways and molecular factors might be acting at early and late stages, we used geneset-enrichment analysis (GSEA) tools. Distinct stages showed enrichment for the expression of certain sets of gene that share a conserved cis-regulatory motif (called the 'C3 motif ' in GSEA) in their promoters and 3′ untranslated regions ( Table 1) . The promoters of genes induced or repressed during positive selection (pre-DP to post-DP) showed enrichment for various transcription factor-binding sites, including those motifs recognized by the transcription factors ATF, EGR, NF-κB, ELK1 or SRF, many of which have already been shown to be involved in positive selection 21, 22 . Genes regulated by the transcription factor E2F showed a negative-enrichment score, indicative of downregulation. Among genes whose expression changed at later time points during the post-DP-to-SM-M1 transition, there was enrichment only for the expression of gene sets regulated by E2F, NF-κB and transcription factors of the IRF family. E2Fregulated genes seemed to be upregulated at this stage, reflective of the transient nature of their repression during positive selection. Among the NF-κB-regulated genes, some changes were initiated earlier, at the pre-DP-to-post-DP transition, and others were initiated later, at the post-DP stage. Substantial enrichment for the expression of IRF-regulated genes was seen only at the post-DP-to-SM-M1 transition. The number of gene changes observed at the latest stage of maturation was small (413), and there was no significant positive enrichment for any transcription factor-binding sites at this stage (normalized enrichment score of ≥1.6 or ≤-1.6). Because this analysis suggested that NF-κB-and IRF-regulated gene changes occurred late after positive selection, we focused on their effects in this study.
Requirement for kinase TAK1 in the transition from SM to M1
Mice deficient in the expression of various genes encoding components of the NF-κB pathway, including those encoding the kinase TAK1 (encoded by Map3k7; called 'Tak1' here), the inhibitor of NF-κB (IκB) kinases (IKKs) IKK2 or IKKγ, the NF-κB subunit RelB or the ubiquitin-conjugating enzyme Ubc13, display nearly normal numbers of total thymocytes but few peripheral T cells 23 . Among these, we focused on TAK1 as a central kinase in this pathway ( Supplementary  Fig. 3a) . Consistent with published studies [24] [25] [26] , we found that mice with T cell-specific deficiency in TAK1 (which undergo deletion of loxP-flanked alleles encoding TAK1 by Cre recombinase expressed from the T cell-specific Cd4 promoter (Tak1 fl/fl Cd4 Cre )) had a normal number of thymocytes relative to that of their Tak1 fl/fl (control) littermates, but the proportion and absolute number of both CD4SP GSEA of microarray data, showing gene sets whose expression underwent enrichment and that share a conserved transcription factor-binding motif in the promoters and 3′ untranslated regions, among genes whose expression changed (upregulated (bold) or downregulated (not bold)) at the pre-DP-to-post-DP, post-DP-to-SM-M1 and SM-M1-to-M2 transitions (column headings); only gene sets with a normalized enrichment score (NES) of ≥1.6 or ≤−1.6 are included here. #, number of gene sets related to that transcription factor that were labeled.
npg
A r t i c l e s thymocytes and CD8SP thymocytes were lower in Tak1 fl/fl Cd4 Cre mice than in their control littermates ( Fig. 3a,b) . We further investigated the stage at which TAK1 deficiency affected maturation and found a normal number of SM cells but a profound reduction in the number of M1 cells and M2 cells (of 10-fold and 100-fold, respectively) in Tak1 fl/fl Cd4 Cre mice, relative to the number of these cells their control littermates ( Fig. 3a,b ). This suggested that TAK1-dependent signals were not required for positive selection itself but were required for the ultimate survival and/or maturation of T cells. Mature iNKT cells, T reg cells and intraepithelial lymphocyte precursor thymocytes were almost completely absent from Tak1 fl/fl Cd4 Cre mice as well ( Supplementary Fig. 3b ).
To determine if TAK1 could be a key driver of late gene-expression changes during selection, we performed microarray analysis of purified SM CD4SP thymocytes from Tak1 fl/fl Cd4 Cre and control mice. 381 genes were up-or downregulated by TAK1 deficiency (data not shown). Using a heat map to visualize the overall pattern of gene changes, we noted that TAK1-dependent genes were changed mainly at the late stage of maturation, rather than an early stage, in wildtype mice (Fig. 3c,d) . Next we used Ingenuity pathway analysis to define potential upstream regulators on the basis of the P value of the overlap between our gene lists and those defined by the literature. The upstream regulators defined for early gene-expression changes included TCR, TGF-β and members of the 'Id' family of transcription factors, among others ( Supplementary Fig. 4) . In contrast, late gene-expression changes overlapped many interferon and IRF pathways ( Supplementary Fig. 4) , consistent with the enrichment for IRF-binding sites in the promoters at transcripts that underwent late changes in expression ( Table 1) . Notably, results obtained for the upstream regulators defined for TAK1-dependent genes were very similar to those of transcripts that underwent late changes (yellow or green in Supplementary Fig. 4) , which suggested that TAK1dependent processes were the dominant signals that drove the gene-expression changes late in positive selection.
Restoration of survival but not proliferation by TNF blockade
Because activation of NF-κB protects cells from TNF-induced cell death 27 , we investigated whether the role of TAK1 signaling in positive selection might be mainly to allow survival at the mature stage or if it was required for differentiation and the acquisition of proliferation competence. To study this, we crossed Tak1 fl/fl Cd4 Cre mice with TNF-deficient (Tnf −/− ) mice. In Tak1 fl/fl Cd4 Cre Tnf −/− mice, the number of M1 cells was completely restored to equivalence to that of Tak1 fl/fl mice (Fig. 4a,b) , which suggested that one role for TAK1 signals might be to protect cells from TNF-induced death. However, M2 cells were 'rescued' only partially, and Tak1 fl/fl Cd4 Cre Tnf −/− mice were profoundly lymphopenic in the periphery (data not shown). The expression of multiple other members TNF receptor family was upregulated during thymic maturation ( Supplementary Fig. 5a,b) and, similar to the receptor TNFR1, one of these, DR3, contains a death domain, and cells expressing this receptor might also require NF-κB signals for protection from induced cell death. However, crossing Tak1 fl/fl Cd4 Cre mice with mice with transgenic expression of Bcl2 (data not shown) or mice genetically deficient in Bim, a proapoptotic member of the Bcl-2 family (Bcl2l11 −/− ), yielded a phenotype similar to that of Tak1 fl/fl Cd4 Cre Tnf −/− mice, with low numbers of M2 cells and peripheral lymphopenia ( Supplementary  Fig. 5c,d) . Although TNF deficiency restored the number of mature cells, those cells were unable to proliferate in response to anti-CD3 plus anti-CD28 (Fig. 4c) . These data suggested that TAK1 signals might have been required for differentiation, in addition to being required for cell survival. npg Restoration of proliferation but not licensing by IKK activity TAK1 signals result in the activation of both NF-κB and mitogenactivated protein kinases 28 . To determine which TAK1-dependent functions involve NF-κB, we used a transgene encoding constitutively active IKK2 (called 'IKKCA' here) to restore the activation of NF-κB in TAK1-deficient mice. We crossed mice expressing a Cre-inducible IKKCA-encoding transgene to Tak1 fl/fl Cd4 Cre mice (the use of Cd4 Cre avoids the documented effects of IKKCA on the DN thymocytes 29 ). Both the proportion and number of mature SP thymocytes in Tak1 fl/fl Cd4 Cre IKKCA mice were greater than that of Tak1 fl/fl Cd4 Cre mice and showed no significant difference relative to that of the Cd4 Cre IKKCA control mice (Fig. 5a,b) . Notably, the proportion and number of cells in the M1 and M2 subsets were 'rescued' to levels similar to those of Cd4 Cre IKKCA control mice (Fig. 5a,b) . Furthermore, M1 and M2 cells from the thymus of Tak1 fl/fl Cd4 Cre IKKCA mice proliferated in response to anti-CD3 and anti-CD28, as did those from control Tak1 fl/fl mice, albeit to a slightly lesser degree (Fig. 5c) . These results indicated that the activation of NF-κB driven by IKKCA restored phenotypic maturation and proliferation competence of TAK1deficient SP thymocytes. Finally, we assessed TNF production in the TAK1-deficient SP thymocytes restored via IKKCA. In contrast to the 15-20% of TNFproducing cells among the M2 population from Tak1 fl/fl mice, only 1-2% of the M2 cells from Tak1 fl/fl Cd4 Cre IKKCA mice produced TNF after stimulation with anti-CD3 and CD28 (Fig. 5d) . Furthermore, Tak1 fl/fl Cd4 Cre IKKCA mice had very few CD4 + or CD8 + T cells in the spleen, similar to Tak1 fl/fl Cd4 Cre mice (Fig. 5e,f) . M2 cells from Tak1 fl/fl Cd4 Cre IKKCA mice expressed normal amounts of S1PR1 (Fig. 5g) , which challenged the possibility of a problem with the emigration competency of M2 cells and raised the possibility that those cells could not survive in the periphery. Thus, although IKKCA restored several aspects of maturation in TAK1-deficient SP thymocytes, it did not restore cytokine-production competence or the establishment of T cell populations in the periphery.
Facilitation of IFN signaling by TAK1 independently of NF-B
To understand which TAK1-dependent gene-expression changes were dependent on NF-κB activity and which were independent of this, we measured the expression of 20 TAK1-dependent genes that were identified by microarray and whose expression changes were confirmed by qPCR ( Fig. 3c,d) . Thus, we sorted SM and M2 cells from Tak1 fl/fl , Tak1 fl/fl Cd4 Cre and Tak1 fl/fl Cd4 Cre IKKCA mice and measured gene expression by qPCR. The expression of about half (9) of these genes was restored by the IKKCA-encoding transgene and the expression of about another half (11) was not ( Fig. 6a) . Notably, many of the latter genes were interferon-regulated genes, which suggested that TAK1 regulated interferon signaling in a pathway that could not be replaced by NF-κB activity. We noticed that expression of Stat1 mRNA itself was not restored by IKKCA (Fig. 6a) ; STAT1 is an essential mediator of interferon signaling. Thus, we measured intracellular STAT1 protein. STAT1 expression increased from the SM stage to the M1 stage, and there was less total STAT1 protein in M1 and M2 SP thymocytes from Tak1 fl/fl Cd4 Cre IKKCA mice than in those of Tak1 fl/fl control mice (Fig. 6b) , which suggested that these cells might have had reduced responsiveness to interferons.
Published studies have shown that interferon-β (IFN-β) is constitutively expressed in thymic medullary epithelial cells from naive mice 30, 31 . Given that an interferon-regulated gene signature was apparent in medullary thymocytes in our microarray analysis, we sought to test the hypothesis that maturing thymocytes might respond to interferon constitutively produced in the thymus. To address this, we studied mice deficient in the receptor for type I interferons npg A r t i c l e s (Ifnar1 −/− mice). Indeed, sorted mature thymocytes from Ifnar1 −/− mice showed reduced expression of various genes relative to their expression in Ifnar1 +/+ mice (Fig. 6c) . The genes most affected were all NF-κB-independent interferon-regulated genes noted above (Fig. 6a) , which demonstrated that medullary thymocytes responded to constitutively produced interferon. Among the genes with reduced expression were Stat1 and Irf7, which have been shown to be tar-gets of constitutive type I interferon signaling, and STAT1 and IRF7 are essential for 'priming' cells for cytokine responsiveness 32, 33 . Thus, next we closely assessed the phenotype and function of SP thymocytes from Ifnar1 −/− mice. The number of SM, M1 and M2 CD4SP thymocytes was similar in Ifnar1 −/− mice and Ifnar1 +/+ mice (Fig. 6d) . Many other maturation markers were also expressed normally on CD4SP and CD8SP thymocytes from Ifnar1 −/− mice A r t i c l e s (data not shown). However, CCR7 expression was slightly higher on Ifnar1 −/− CD8SP thymocytes than on Ifnar1 +/+ CD8SP thymocytes, and Qa2 expression was much lower on M2 CD4SP and CD8SP cells from Ifnar1 −/− mice than on those from Ifnar1 +/+ mice (Fig. 6e) .
The response to interferon deficiency was cell intrinsic, as Ifnar1 −/− progenitor cells injected intrathymically into wild-type recipient mice still showed substantial Qa2 loss (data not shown). We did not detect functional deficiency in mature thymocytes from Ifnar1 −/− mice, in terms of proliferation or licensing (Supplementary Fig. 6 ). However, Ifnar1 −/− cells have deficient responses to IL-6, IFN-γ and the cytokine M-CSF, consistent with their reduced expression of STAT1 and IRF7 (ref. 34 ). Thus, the thymocytes responded to interferon constitutively during development, and this might have primed their responsiveness to other cytokines.
DISCUSSION
Our data have provided a precise analysis of gene-expression changes that occur after positive selection and how they relate to function. While several gating strategies have been proposed for the demarcation of functionally relevant stages 6, 9, 11 , our data suggested that upregulation of MHC class I expression most precisely marked the stage at which cells acquired the competence to proliferate. Other strategies failed in this context, although they were accurate in marking the stage at which cells became emigration competent. The only other cell-surface protein whose expression change correlated with the acquisition of cell division competence was the immunomodulatory receptor GITR. Qa2 is commonly used to mark the most mature thymocytes, but we found that the expression of Qa2 was strongly dependent on type I interferon signaling in SP cells and was not associated with maturation itself. This is consistent with the observation that Qa2 expression is dependent on the transcriptional regulator AIRE 9, 35 , yet T cells in AIRE-deficient mice are not thought to have major maturational defects. The observations noted above about Qa2 expression would suggest that IFN-β is produced by medullary thymic epithelial cells in the steady state. Some independent evidence supports this hypothesis 30, 31 , yet further investigation is needed, given that constitutive production of IFN-β can also be driven by the microbiota [36] [37] [38] or DNA damage 39, 40 . Regardless of the source of IFN-β, an important question is how exposure to type I interferon during development changes the functional properties of T cells. There is a growing appreciation that constitutive or tonic interferon signaling maintains homeostasis and primes cytokine responsiveness in other hematopoietic cell types 34 . Published analysis of Ifnar1 −/− mixed-bone marrow chimeras suggests an important role for constitutive interferon signals in T cell development and T reg cell homeostasis 41 , so further studies of how interferon alters the gene expression and function of T cells are warranted.
The main finding of our study was that NF-κB signaling was critical for late maturation processes, both for survival at the SP stage and for functional maturation. In terms of survival, it is well established that TNFR signals can trigger both activation of NF-κB and death, through signaling pathways that have been referred to as 'complex I' and 'complex II' 42 . Signaling via complex I results in the activation of NF-κB and protection against complex II-mediated death. Our results established that TNF was present in the thymic environment and was able to mediate cell death, since TNF deficiency was able to 'rescue' npg A r t i c l e s the number of mature cells in TAK1-deficient mice. Those findings are consistent with the phenotype of mice deficient in the pro-survival factor c-FLIP 43 , which interferes with apoptotic signaling downstream of death receptors. Although TNF was shown to be a source of the death signal, 'rescue' was not complete with TNF deficiency. Thus, it is possible that DR3, another death domain-containing member of the TNFR family expressed in medullary thymocytes, contributes as well.
Our data provided definitive evidence that NF-κB signals were required for late maturation. This is consistent with various reports in the literature showing normal positive selection but peripheral T cell lymphopenia in mice deficient in factors such as IKKγ, IKK1 and IKK2, and Ubc13. Subtle differences in the phenotypes might reflect differences in the rate of protein loss after Cre-mediated deletion in the different models (for example, with IKKγ) and/or redundancies with related components of the pathway (for example, with IKK1 and IKK2). Various receptors can activate the TAK1-NF-κB pathway. The TCR is an obvious candidate, since the groups of genes regulated by NF-κB showed enrichment for genes that changed both at positive selection and into the SM stage. However, the TCR activates TAK1-NF-κB through a Carma1-Bcl-10-Malt1 signalosome, and mice deficient in those components do not exhibit this phenotype, although they do lack mature T reg cells [44] [45] [46] . We also feel the TCR is unlikely to be the sole source of TAK1 activation in conventional T cells because interaction of the TCR with MHC class II is required for survival from the post-DP stage to the SM stage, but it is not required for survival or maturation from the SM stage to mature stages 8 (data not shown), although this is controversial 47 . Thus, there is a distinction between conventional T cells and T reg cells whereby both require activation of NF-κB through TAK1, but conventional T cells seem to receive sufficient NF-κB stimulation without the TCR. Signaling via the TGF-β receptor TGFβR might provide activation of TAK1 in medullary thymocytes. However, TGFβR was not identified as a potential upstream regulator in our analysis of either genes that underwent late changes in expression or TAK1-dependent genes. Furthermore, mice with TGFβR deficiency in T cells do not show a maturation problem per se, although again they have impaired development of T reg cells and iNKT cells 48, 49 .
We favor the hypothesis that multiple members of the TNFR family can provide TAK1 signals to promote the survival and maturation of developing thymocytes. These include TNFR1 and TNFR2, which bind to TNF. TNFR1 was expressed constitutively in thymocytes, while TNFR2 expression increased notably from the DP stage to the SP stage. Cells from mice with TNF deficiency alone did not have a maturation defect; thus, we propose that OX40, GITR, CD27 and DR3 provide redundant signals, as these receptors are either constitutively expressed (CD27) or induced by positive selection (OX40, GITR and DR3). The ligands for some of these (OX40L, GITRL and CD70) are known to be expressed in the thymus, particularly the thymic medulla 50 . This raises the possibility that thymocytes might need to access the medullary environment to receive signals for maturation. Given the data available so far, this seems not to be the case. Thymocytes that lack CCR7 fail to localize to the thymic medulla after positive selection and have defects in central tolerance, but mature and emigrate normally 25 . Likewise, mice that lack an organized medullary environment also have defects in central tolerance, but their thymocytes seem to mature normally 11 .
In summary, our data have revealed two critical features of T cell maturation that occurred after positive selection but before cells emigrated from the thymus. Activation of NF-κB occurred at the SM stage. NF-κB activity was critical for protecting cells from complex II-mediated death downstream of TNFR1, as it does in many cell types. However, in thymocytes, NF-κB activity was also critical for maturation processes that allowed the cells to mount a proliferative response when stimulated through the antigen receptor. A second critical feature was that thymocytes responded to constitutively produced type I interferon in the medullary environment. This response was dependent on TAK1 but independent of NF-κB. Constitutive type I interferon signaling resulted in upregulation of the expression of STAT1 and IRF7 and primed T cells to respond to inflammatory cytokines.
METHODS
Methods and any associated references are available in the online version of the paper.
